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ABSTRACT: 
 
Single-molecule fluorescence has the unique ability to quantify small oligomers and track conformational 
changes at a single protein level. Here we tackled one of the most extreme protein behaviour, found recently in 
an inflammation pathway. Upon danger recognition in the cytosol, NLRP3 recruits its signalling adaptor, ASC. 
ASC start polymerising in a prion-like manner and the system goes in “overdrive” by producing a single micron-
sized “speck”. By precisely controlling protein expression levels in an in vitro translation system, we could 
trigger the polymerization of ASC and mimic formation of specks in the absence of inflammasome nucleators. 
We utilized single-molecule spectroscopy to fully characterize prion-like behaviours and self-propagation of 
ASC fibrils. We next used our controlled system to monitor the conformational changes of ASC upon 
fibrillation. Indeed, ASC consists of a PYD and CARD domains, separated by a flexible linker. Individually, 
both domains have been found to form fibrils, but the structure of the polymers formed by the full-length ASC 
proteins remains elusive. For the first time, using single-molecule FRET, we studied the relative positions of the 
CARD and PYD domains of full-length ASC. An unexpectedly large conformational change occurred upon ASC 
fibrillation suggesting that the CARD domain folds back onto the PYD domain. However, contradicting current 
models, the “prion-like” conformer was not initiated by binding of ASC to the NLRP3 platform. Rather, using a 
new method, hybrid between Photon Counting Histogram and Number and Brightness analysis, we showed that 
NLRP3 forms hexamers with self-binding affinities around 300 nM. Overall our data suggest a new mechanism, 
where NLRP3 can initiate ASC polymerization simply by increasing the local concentration of ASC above a 
supercritical level. 
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INTRODUCTION: 
In normal signalling events, the information transported by ligands or small molecules is detected by the cell, 
triggering an intracellular cascade of events. In an over-simplification, one could consider that the response of 
the cell is proportional to the concentration of the signalling molecules, as every binding of ligand triggers a 
separate downstream cascade. However, the immune system doesn’t have the luxury of a large dose-dependence 
response. In immunity, all danger response signals have to be activated as soon as the slightest perturbation is 
detected: a single foreign element (foreign DNA, virus, lipids…) has to trigger a macroscopic signalling cascade 
where the whole cell can react quickly (1). Structural biology has shown that in multiple cases, the “sensors” and 
“adaptors” proteins responsible for detection and transmission of the information form oligomeric complexes. 
Wu (2) described how the properties of the signalling response are tuned by formation of protein complexes. 
Higher valency creates a delay in the response (so that the system doesn’t over-react constantly), but accelerates 
and amplifies signalling once the complex is activated. This is the case for the MYDDosome (3, 4) where 6 
MYD88, 4 IRAK4 and 4 IRAK2 proteins come together in a helical assembly. A similar helical assembly was 
found for the FAS and FADD proteins (5).  
 
In a paradigm-changing discovery, Hou et al (6) demonstrated that the protein MAVS would actually form a 
polymer once activated. This polymer has all the hallmarks of a “prion-like”: once initiated, the fibrils would 
grow continuously by recruiting monomers and converting them into the “prion-like conformers”. The CARD 
domain (responsible for polymerisation) could even be exchanged for a yeast prion domain, with normal 
signalling occurring, showing the relevance of the prion-like propagation and self-templating. After more 
discoveries of similar “prion-like” behaviours in other immunity pathways, such as RIPK1-RIPK3 by the Wu lab 
(7), and more recently MAL/MYDD88 (8), it becomes increasing probable that these polymerisation behaviours 
will be found in more pathways and represent a universal signalling mechanism. The formation of self-
propagating fibrils is an extreme case of signal amplification. From a single initiation point, the fibrils would 
elongate and form platforms containing hundreds or thousands of proteins signalling simultaneously.  
 
Because of their natural ability to oligomerise and polymerise, these proteins represent one of the most 
challenging systems to study in vitro, for a number of reasons.  
(a) Their expression is the first hurdle, as their natural tendency to self-assemble would push most of the proteins 
into the insoluble fractions. Purification in denaturing conditions is in principle possible but one would need to 
recreate the right conditions for refolding and the oligomerisation propensity could be lost in the process. In 
normal purification protocols, the weak protein complexes could be destabilized by the steps of affinity 
chromatography. Most of these interesting proteins are also large, multi-domains proteins and obtaining full-
length recombinant proteins is problematic.  
(b) Once the proteins are purified, the binding steps and polymerisation processes create a large heterogeneity in 
the sample. Extremely rare events are very important in those systems, as a single nucleation point is sufficient 
to trigger the aggregation of thousands of proteins. The key to understanding these mechanisms is in the ability 
to count the number of aggregates and analyse their size, and this information would be inaccessible in averaged 
“bulk” experiments. 
(c) When the polymer is formed, the information on individual subunits is lost. The exciting developments of 
cryo-Electron Microscopy will facilitate the structural determinations of the proteins forming fibrils and 
filaments, but tracking conformational changes during fibril formation is challenging. 
 
These challenging systems are in fact particularly well-suited for single-molecule studies. Single-molecule 
methods have the unique ability to detect rare events and deal with large heterogeneity in samples. Using single-
molecule fluorescence, one can easily observe frequency and size of aggregates, and the experiments require 
minute quantities of sample. The measures are well suited for small oligomers as well, where precise counting 
would reveal the oligomeric state of the proteins. By specifically labelling some proteins and mixing them with 
untagged proteins, one can track conformational changes of a single protein in the whole polymer. 
 
Here we take advantage of different single-molecule fluorescence methods to study one of the most striking 
protein behaviours found recently in an inflammation pathway. Upon recognition of foreign elements in the cell, 
the sensor NLRP3 recruits the adaptor ASC (for Apoptosis-associated Speck-like protein containing a CARD). 
From a single nucleation point, all the cytosolic and nuclear ASC proteins are rapidly recruited to the signalling 
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complex through elongation of prion-like ASC fibrils, as shown in Figure 1. The formation of the ASC fibrils 
triggers the recruitment of pro-caspase-1, which then undergoes autoproteolytic processing to generate the active 
protease. Caspase-1 cleaves the pro-forms of IL-1β and IL-18 into their active, secreted forms and triggers a lytic 
form of cell death termed “pyroptosis” (9). Recent reports have indicated that the prion-like properties of ASC 
also enable it to carry out extracellular functions, propagating inflammatory signalling from cell to cell (10, 11). 
Indeed, when the ASC speck is released from the dying macrophage, it can “infect” new macrophages, 
triggering the formation of novel ASC specks and further propagation of the signal. 
 
Inflammasome assembly is driven by repeats of interactions between two domains, belonging to the superfamily 
of Death Domains (DD) (Fig. 1A). NLRP3 recruits ASC through PYD/PYD association (12), the adaptor ASC 
contains a PYD and a CARD domains separated by a long flexible linker (13); ASC recruits pro-caspase-1 via 
CARD/CARD interactions (14-16). 
 
Though our understanding of ASC signalling has greatly improved in the past 5 years, many biochemical 
determinants underlying the nucleation of ASC fibrils and their subsequent organisation into the speck remain 
unclear. The cascade starts with the NLRP3 proteins, represented as an oligomeric platform for recruitment of 
ASC. However, the degree of oligomerisation of NLRP3 has never been characterized experimentally. It has 
been postulated that ASC interaction with NLRP3 triggers conformational changes in the adaptor protein, 
converting ASC to a prion-like “conformer” and leading to its linear polymerisation (17, 18). Consequently, the 
role of oligomerised NLRP3 would be to provide multiple exposed PYD domains as “seeding” points for ASC 
polymerisation and fibril extension. The growth of multiple fibrils from a single nucleation point would explain 
the formation of “specks” rather than linear structures. 
 
The structure of the full-length ASC polymer is still elusive, and current models are based on fibrils obtained 
with PYD-only or CARD-only domains. Most studies on the prion-like behaviour of ASC have characterized the 
biophysical behaviour of the PYD domain only
 
(10, 15, 16, 19). Upon polymerisation, it is believed that the 
flexible linker between PYD and CARD domains of ASC remains in an extended conformation, pushing the 
CARD domain away from the fibril core. The position of the CARD domain of ASC is crucial for signalling as it 
mediates the recruitment of the CARD of pro-caspase-1. It is proposed that pro-caspase-1 then undergoes self-
processing on these filaments. Using a camelid “nanobody”, Schmidt et al. (20) gained information on the role 
played by the CARD domain of ASC, providing the latest model of speck formation. In this model, extension of 
the ASC fibril exposes the flexible CARD domains, providing multiple cross-linking points between ASC 
filaments (17). However, to date there is no direct information on possible structural rearrangements upon ASC 
polymerisation. 
 
Here, we demonstrate that nucleation of ASC polymerisation is driven by the unique properties of ASC alone, 
without the requirement for conformational changes induced by NLRP3. We determined the relative position of 
PYD and CARD domain in the “prion-like conformer” of ASC and studied the link between conformational 
change and binding to NLRP3 using single-molecule FRET and different ASC conformational reporters. The 
data showed that the formation of ASC fibrils changes dramatically the conformation of ASC and the binding 
interfaces of the CARD domain. We used single-molecule counting techniques to measure the number of 
proteins in NLRP3 assemblies. We propose that NLRP3, which exists as a hexamer in our cell-free system, 
facilitates ASC polymerisation by increasing the local concentration of the adaptor through PYD/PYD 
association with the NLRP3 oligomer.  
 
RESULTS:  
In this study, we focus on the assembly of the inflammasome platform and the molecular events leading to pro-
caspase-1 activation, with the hypothesis that protein oligomerisation, protein-protein interactions and protein 
folding are key drivers of the process. In the cell, a single detection event is sufficient to create a phase transition 
from soluble, monomeric ASC to fully polymerised proteins. The behaviour of the whole sample is therefore 
governed by the folding and self-oligomerisation of a few proteins, and we set up to use single-molecule 
techniques to track the folding and binding of these few proteins. 
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Inflammasome components are all expected to have a natural propensity to form oligomers or polymers. We 
have minimized the use of E. coli for their expression, since purification processes which could involve 
denaturation/renaturation steps would disrupt protein complexes. Instead, we utilized a cell-free protein 
expression system which has the full eukaryotic translation machinery (21). This system based on Leishmania 
tarentolae shows very low aggregation propensity (22) and allows co-expression of multiple proteins 
simultaneously and at controlled ratios.  
 
The aggregation behaviour of ASC
FL
 and NLRP3 was assessed using single-molecule fluorescence directly in 
the cell-free expression mixtures, without any purification steps (23). Labelling of the proteins for fluorescence 
measurements was simplified using genetically encoded fluorophores (eGFP and mCherry). Different counting 
methods were used to characterise the behaviour of the proteins, and we will rapidly describe their principles. 
 
From single protein detection to single particle detection 
 
The principle of the single molecule detection technique is showed in Figure 2. On a confocal microscope, a 
laser exciting the fluorescent proteins is focused in the solution, creating a small detection volume. The 
fluorescence collected from this small volume is recorded on a single photon counting detector, with 1 ms time 
resolution. As proteins are freely diffusing, they constantly enter and exit the detection volume of the 
microscope, creating fluctuations in the fluorescence intensity collected. The amplitude and frequency of these 
fluctuations is quantified to characterize the oligomerisation and aggregation of proteins (22). 
 
In “pure” single-molecule fluorescence experiments, the proteins are diluted to very low concentrations, 
typically 100 pM. As shown in Figure 2A, at these concentrations the probability of presence of a protein in the 
focal volume is low. As a result, a typical time-trace of the fluorescence (Figure 2B) will show a baseline 
corresponding to the background noise, and sharp bursts of fluorescence when a protein resides in the detection 
volume. Each of these “events” corresponds to a single protein, as the probability that two proteins are present 
simultaneously is extremely low. The intensity of the bursts can be quantified to measure the oligomerisation 
status of the proteins, using Photon Counting Histograms (PCH) (24, 25). The principle of PCH is simple: when 
a protein transits through the focal volume, it will emit a limited number of photons per millisecond. If the 
protein remains exactly in the centre of the excitation and detection volume, it will emit the maximum number of 
photons possible, here about 110 photons per millisecond for a monomeric GFP (Fig2B, 2C). However many 
parameters cause a reduction in the number of photons collected. A protein may never enter the exact centre of 
the focal volume or remain there for a full millisecond. The Gaussian profile of the excitation laser and the 
spatial characteristics of the excitation and detection volumes cause the proteins to be detected differently 
depending on their trajectories. These effects are predicted to cause a Poisson distribution of the number of 
photons detected, visualized in Figure 2C as a slope in the log-scale Photon Counting Histogram.  
 
For our purposes, these Photon Counting Histograms simply pinpoint the maximum number of photons emitted 
by our protein complexes. The data of Figure 2C “calibrate” our fluorescent bursts with a “ruler”: a single GFP 
can only emit a maximum of 110 photons per millisecond (26). If we detect much larger bursts, we can deduce 
the maximum number of proteins co-diffusing in these bursts.  
 
If these “pure” single-molecule measurements have the advantage of precision and direct visualization of small 
oligomers, they have a major drawback. The extreme dilution of the samples required for the measurements can 
cause dissociation of protein complexes, and rare events may not be detected at all. Our laboratory has 
developed simple photon counting methods inspired by the “number and Brightness” analysis (27-31). We 
perform experiments at higher protein concentrations, typically between 1 and 100nM. At these protein 
concentrations, multiple proteins will be constantly in the focal volume, as shown in Figure 2D. The proteins 
constantly diffuse in and out of the focal volume by Brownian motion, creating small increases and decreases in 
the overall intensity. The fluorescent time-trace corresponding to a monomeric GFP show small fluctuations 
around an average value (Figure 2E). If large oligomers were to transit through the focal volume, they would 
cause a large increase in local fluorescence, and a burst will be detected above the baseline (Figure 2F-G). To 
put it simply, the method detects single oligomeric particles in a baseline of monomers with the same principle 
as the detection of single proteins in pure buffer. 
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The Photon Counting Histograms of experiments performed at high protein concentration can be described 
easily. As shown in Figure 2H, for monomeric GFP, the fluctuations of intensity are governed by pure statistics, 
and the intensity values follow a Gaussian distribution (in blue). In the case of large protein assemblies, the 
distribution will show the presence of a “tail” at higher intensities. Similarly to the pure PCH shown in Figure 
2C, the data pinpoint the maximum number of photons obtained in the time trace. As shown in Figure 2G, the 
bursts reached 13,000 photons from a baseline of 300 photons, corresponding to the diffusion of an assembly of 
over 100 proteins (number of proteins= (13,000 photons - 300photons) /110 photons for monomeric GFP.) 
 
In a simpler approach, we found that tracking variations in the width of the distribution of intensities is a very 
sensitive and robust method to detect the formation of oligomers. The standard deviation (SD), or width of the 
distribution, increases with average fluorescence in a predictable manner (27, 32). Any deviation from the 
expected SD is caused by the formation of oligomers. The Brightness parameter B calculates the molecular 
brightness of proteins independently of average fluorescence: 
 
B = 
𝑆𝐷2
𝐴𝑣𝑒𝑟𝑎𝑔𝑒
    ,   where SD is the Standard Deviation  
 
The average intensity can be converted directly to protein concentration, after calibration with purified GFP 
samples (an average of 1000 photons corresponds to 1125 nM of fluorescent protein). 
 
In the following experiments, we will use these different counting methods to detect the formation of ASC and 
NLRP3 oligomers as a function of protein concentration. 
 
We first conducted a series of experiments to characterize the properties of full-length ASC, containing both 
PYD and CARD domains. We developed a “check-list” to validate that a given protein has the propensity to 
self-assemble into structures with prion-like properties, by measuring the size and frequency of aggregates, their 
concentration-dependence, and ability to self-replicate. 
 
In single molecule detection, ASC aggregates present as fluorescence bursts with unique profiles.  
 
We first measured ASC
FL
 at high protein concentration, to judge the presence of self-assemblies. As shown in 
Figure 3A, the fluorescence traces obtained for ASC
FL
 have very unique properties: they display very rare bursts 
but the assemblies detected are extremely large. In some extreme cases, the intensities of peaks reached above 
50,000 photons per ms. As explained above, using the “GFP ruler”, we can estimate that these bursts are caused 
by the assembly of > 500 proteins. The objects can diffuse through the confocal volume for times close to a 
minute, indicating the presence of micron-sized polymers, similar to that reported in cells upon inflammasome 
activation (33). When observed under a simple fluorescent microscope, the sample displays extremely bright 
specks of fluorescence of micron-sized diameter (see Supplementary Figure 1). 
 
ASC aggregates form above a well-defined supercritical concentration 
 
To further characterize the aggregation propensity of ASC, we evaluated the presence of aggregates as a function 
of the concentration of protein expressed. In a cell-free expression system, the level of protein expression can be 
easily tuned by varying the amount of template DNA introduced for transcription/translation. The more plasmid 
DNA used, the higher the final concentration of protein, reaching a maximum of around 2 µM (34).  
 
Figure 3B presents the percentage of intensity significantly above average fluorescence (>3SD). At the lowest 
DNA concentrations, and lowest expression levels, the time-traces obtained do not show any detectable 
oligomers. However, we observed a very sharp transition where large aggregates are formed, above 9 nM of 
template DNA. In Figure 3B, the average intensity was also plotted as a function of DNA concentration and the 
data show an unexpected behaviour, as the average intensity hits a maximum and then decreases with increasing 
DNA concentration. The ASC assemblies formed are so massive that the overall fluorescence of the solution 
starts to decrease, probably because the specks sediment during measurements. We next plotted the Brightness 
parameter for ASC
FL
 and a monomer control as a function of DNA concentration (Figure 3C). Again, ASC
FL
 
appears purely monomeric, and follows the exact same B values as the monomer control, until higher expression 
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levels are reached.  Above a “supercritical” concentration, the aggregates or “specks” form spontaneously and 
create the slow diffusing, extremely bright particles within 2h. Each speck contains many proteins and the 
average Brightness of the sample jumps by two orders of magnitude. When B is plotted as a function of the 
average intensity (Figure 3D), two behaviours can be observed: one “phase” corresponds to the protein being 
purely monomeric (B~10) and one phase where specks are present (B> 1000). Interestingly, it seems that the 
level of monomeric ASC is controlled, as the average intensity (roughly corresponding to the concentration of 
monomeric ASC) never reaches above 400 photons/ms which converts into a protein concentration of 450 nM 
(34).  
 
 
ASC
FL
 aggregates can self-propagate 
 
One of the hallmarks of prion-like behaviour is the ability to “contaminate” solutions of non-aggregated proteins 
(35, 36). To test this prion-like propensity, we designed a “seeding” experiment and analysed data using dual-
colour single molecule coincidence. The principle of the multicolour single molecule detection technique is 
showed in Figure 4A. On the same confocal microscope, two overlapping lasers exciting GFP and Cherry 
fluorophores are used to create a single detection volume. GFP and mCherry fluorescence are recorded 
separately and simultaneously on two single photon counting detectors. The laser powers are adjusted so that 
GFP and mCherry monomers give a maximum of 100-110 photons. 
 
As ASC spontaneously aggregates above a specific concentration (Figure 3B-D), ASC-mCherry was first 
expressed at super-critical concentration; the aggregates were concentrated by gentle spinning of the solution, 
washed and broken down by gentle sonication to create “seeds” (Figure 4B). This solution was added to a cell-
free lysate where ASC-GFP was expressed for 2h at sub-critical concentration and the mixture was immediately 
examined by microscopy. Fluorescent traces (Figure 4C) show the presence of the pre-formed aggregates in the 
mCherry channel added to the monomeric ASC in the GFP channel. In less than 30 seconds, coincident bursts 
could be detected in both channels indicating the recruitment of ASC-GFP monomers to the ASC-Cherry 
polymers. Interestingly, the GFP signal generally increased above the signal detected for the seed, proving that 
ASC
FL
 aggregation is indeed able to self-propagate. Figure 4D shows in more details the coincident bursts of 
GFP and mCherry co-diffusion. The profile of the bursts showed that the GFP signal extends spatially over the 
presence of the mCherry seed, indicating that the recruitment of GFP monomers elongates the fibril.  
 
 
Mapping the metastability of ASC polymerisation using seeding experiments: 
 
Systematic two-color seeding experiments were performed over a range of sub-critical concentrations, (by 
titrating DNA as shown in Figure 3), showing the metastability of ASC
FL
. We could “seed” the aggregation of 
ASC-GFP expressed at concentrations 10-fold lower than the “supercritical” concentration of 450 nM. As shown 
in Figure 4E, the addition of ASC seeds provokes the polymerisation of ASC expressed at 50 nM. The 
Brightness parameter plotted in Figure 4F for the seeded and unseeded samples clearly shows that ASC is a 
metastable protein. Between 50 and 450 nM ASC is normally monomeric but aggregation can be induced by 
introduction of a seed. Below that concentration, no aggregation is detected.  
 
Together, these data show that ASC aggregates have true prion-like properties. Above the critical concentration, 
we could only detect very large assemblies, and not small oligomers. Figure 3A shows for example a complete 
absence of small oligomers between the extremely large aggregates. We performed single-molecule two-colors 
coincidence above the super-critical concentration and could not detect any dimerization (see Supplementary 
Figure 2). This observation hints at a nucleated process: as soon as a “seed” forms, ASC is rapidly recruited and 
grows into a very large object in an “all-or-nothing” behaviour. The well-defined concentration-dependence and 
metastability of this polymerisation in seeding experiments confirm that the ASC polymers can self-propagate 
and “contaminate” solutions of monomeric ASC in a prion-like process.  
 
After demonstrating the ability of our in-vitro expression system to control the polymerisation of ASC and 
reproduce behaviours observed in cells, we will now track structural rearrangements between PYD and CARD 
domains of ASC upon binding and fibril formation. 
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ASC
FL
 undergoes a large conformational change upon aggregation 
 
One of the main features of prion-like behaviour is the presence of a structural switch from the “monomeric” to 
the “replicating” conformer of the protein (35, 36). To test this hypothesis, we turned to single molecule FRET 
to access the conformation of monomeric ASC compared to fibrillous ASC. FRET is often referred to as a 
molecular ruler as the strength of the FRET signal depends strongly on the distance between the two 
fluorophores (37). This technique is particularly powerful for the studies of small multi-domain proteins such as 
ASC (22kDa). Due to the strict distance constraints, structural FRET reporters are generally labelled with small 
organic dyes by coupling to two different cysteines so FRET reporters can be engineered by introducing well 
placed cysteine mutations. To design our FRET reporters, we used the available NMR structure for monomeric 
ASC (13) to find the best positions for our mutations. The CARD domain of ASC already possesses an exposed 
cysteine at position 173, so another cysteine was introduced at the N-terminus of ASC (mutation G2C). This 
residue is exposed at the exterior face of the PYD domain as shown in Figure 4A and provides a long-range 
conformational reporter. Another reporter was created by introducing a cysteine at position 35, facing the CARD 
domain, to assess limited movement of PYD compared to CARD. Both ASC
2-173
 and ASC
35-173
 reporters were 
expressed and purified from E. coli with an N-terminal SUMO-tag to block its polymerisation. Both FRET 
reporters were labelled with the FRET pair Alexa 488 and Alexa 594, which reports distances between 25 and 75 
Å ((38, 39), see Materials and Methods). The reporters were cleaved from the SUMO-tag and immediately snap-
frozen or kept in denaturing conditions to prevent formation of specks.  
 
The FRET
 
reporters were introduced at very low concentration in the cell-free system during the expression of 
untagged ASC
FL
, as schematized in Figure 5. The ratio of labelled to unlabelled is typically 1 for 1000, as the 
cell-free system expresses ASC in the low micromolar range. This allows insertion of the ASC FRET reporters 
in the ASC polymers, but at very low insertion rate to avoid inter-molecular FRET. This experiment was 
inspired by the work pioneered by the groups of Dobson and Klenerman on synuclein folding (40), but adapted 
to focus on intramolecular FRET and not intermolecular FRET. At nanomolar dilution of the probes, we 
observed incorporation of single ASC reporters into the polymers. The ‘raw’ fluorescence traces in Figure 5 
show the dramatic changes cause by incorporation into the ASC specks. The number of photons collected per 
millisecond does not increase, but the bursts are significantly longer and cause a visible separation from the 
baseline. The maximum intensity reached is below 100 photons per millisecond, as expected for single Alexa488 
or Alexa594 fluorophores. This indicates that a single FRET reporter is measured, and that we can analyse 
conformational changes linked with the switch to the polymerized conformer.  
 
First, a “control” FRET signature for the ASC2-173 reporters was obtained as a marker of the “monomeric” fold. 
This was done either after dilution in pure buffer, or in cell-free lysates that does not express ASC. In both cases, 
as shown in Figure 6A, the FRET efficiency EFRET values measured for monomeric ASC
2-173 
are in perfect 
agreement with the favoured “open” conformation characterized by NMR, with the N-terminus of the PYD 
domain far from the CARD domain (low EFRET, d>65 Å). When FRET reporters were introduced during 
expression of untagged ASC
FL
, the FRET profile for ASC
2-173
 was dramatically modified (Figure 6B). A new 
population with an EFRET of 0.8 appeared. To identify the origin of the two populations, the fluorescence traces 
were carefully examined to detect the presence of aggregates. The FRET signals could then be analysed 
independently for the fast diffusing monomers compared to the slow diffusing probes included into the 
aggregates. We found that indeed, the population with a high EFRET (E=0.8) corresponded to slow-diffusing 
reporters, incorporated into ASC fibrils. The fast-diffusing bursts representing the monomeric reporters that were 
not incorporated into polymers had a EFRET signature corresponding to our control signature (E=0.1). To control 
that ASC
2-173
 reporters do not “stick” to the fibrils but are truly incorporated during polymerisation, we added the 
reporters to fully formed ASC “specks” solution and did not observe the presence long bursts upon mixing. 
These data suggest that the conformational change occurs as a compaction of the protein with the PYD domain 
closing onto the CARD domain, as shown in Figure 6C. 
 
To further explore the conformational change, we used our ASC
35-173
 reporter. In solution, the ASC
35-173
 displays 
high EFRET population of folded monomers (d<35 Å), Figure 6D. Upon incorporation into ASC
FL
 specks, the 
EFRET switched from 0.8 to 0.7 (Supplemental Figure 2). The high EFRET starting value for this reporter confirms 
that the two sites are in close proximity in the freely diffusing monomer. Upon incorporation, there is only a 
slight change in the EFRET value indicating that the two sites are still close. 
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NLRP3 triggers ASC
FL
 aggregation mainly by increasing local concentration 
 
There are two possible triggering mechanisms by which NLRP3 could start ASC aggregation: (i) binding of one 
ASC to the PYD domain of NLRP3 induces the conformational switch in ASC, creating the “prion-like” 
conformer, or (ii) binding of multiple ASC to oligomerised NLRP3 increases ASC concentration locally, 
allowing it to reach super-critical concentration and ultimately fibrillate spontaneously. 
 
To test whether ASC changes conformation upon binding to NLRP3, we again made use of our FRET reporters 
and expressed NLRP3 in the presence of ASC
2-173 
and ASC
35-173
 reporters. The FRET profile of both ASC 
reporters in these conditions is very different from the ones obtained in the case of polymerisation, as shown in 
Figure 6E-F. Interestingly, for ASC
35-173 we did not detect a shift to the “close” conformation; instead we 
observed a complete loss of the high EFRET signal. This suggests that ASC
FL
 changes conformation upon binding 
to NLRP3 but it does not adopt the compact “prion-like” conformation. On the contrary, it is probable that ASC 
adopts a more open conformation where both PYD and CARD domain becomes more exposed.  
 
To test the second mechanism, we characterized the oligomerisation propensity of NLRP3 in our system, using 
different single molecule counting methods (22, 26).  
 
We first performed the experiments at “true” single-molecule concentration following the Photon Counting 
Histogram principles. As described earlier, in these conditions the amplitude of the bursts is directly proportional 
to the number of fluorophores and the fluorescence trace can be analysed to extract the precise number of 
proteins in small oligomers. In order to quantitatively calibrate this method, monomeric GFP and a trimeric form 
of GFP were used as a “brightness ruler”. As shown in Figure 7A, for monomeric GFP, the highest bursts 
detected in these experiments converge to 125 photons (we used two different microscopes with slightly 
different laser powers). When a GFP-foldon fusion is used, most of the proteins formed trimers and the 
maximum intensity is 3 times higher (Figure 7B). Strikingly, the single-molecule traces observed for NLRP3 in 
Figure 7C show very consistently the presence of bursts between 700 and 800 photons. As shown in the Photon 
Counting Histograms in Figure 7D, our data suggests that NLRP3 forms well-defined hexamers in this cell-free 
expression system.  
 
This single-molecule measurement allows direct “counting” of the fluorophores but is performed at very low 
protein concentration, potentially causing dissociation of the oligomers of NLRP3. To counter this effect, we 
performed experiments (27, 32) at much higher protein concentrations (10-100 nanomolar).  
 
As described in Figure 2, as the overall concentration of proteins increases, the baseline of fluorescence becomes 
an average value but the presence of oligomers creates larger fluctuations responsible for a dissymmetry in the 
distribution. The oligomers contribute high intensity values in a predictable way and the deviations from the 
monomer distribution can be quantified. To simplify, the samples were adjusted by dilution to the exact same 
average intensity for a direct comparison. The probability of observing brighter-than-average events decreases 
linearly in a semi-log representation, as expected for classical Photon Counting Histograms. As the average 
intensities are high, one cannot measure oligomer size from the maximum intensities as in Figure 7. Instead, we 
can focus on the slopes of intensities above the monomeric distributions. As shown in Figure 8A, the distribution 
obtained for the trimeric GFP shows the existence of larger intensity fluctuations compared to monomeric GFP, 
and the slope of that decrease is exactly 3 fold slower for the trimeric GFP. Very clearly, the slope obtained for 
NLRP3 is 2 fold slower than GFP-trimers, and 6-fold slower than GFP monomers. This confirms that NLRP3 is 
a hexamer in our conditions but also shows that dilution did not break higher-order assemblies or caused an 
under-estimation of their presence.  
 
The Brightness measurements can also be used to calculate the self-affinity of NLRP3, using the titration method 
described in Figure 3. Here, the NLRP3 proteins are expressed at various final concentrations by varying the 
amount of DNA template priming the cell-free system. After expression, we measured the average fluorescence 
for all samples to calculate the final expression levels. Then, we adjusted the average intensities of all samples to 
the same value of 1000 photons per millisecond to facilitate comparisons in Photon Counting Histograms, as 
shown in Figure 8B. We quantified the formation of oligomers using two different methods. First, we calculated 
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the changes in Brightness parameter compared to the monomeric GFP sample. We also calculated the number of 
events with intensities significantly higher than expected from monomers. As shown in Figure 8A, a threshold of 
1,250 photons per millisecond allows a good separation between monomeric and oligomeric proteins. When we 
plot the changes in Brightness parameter or the Number of events above threshold as a function of expression 
levels, we can see a sigmoidal increase of oligomerisation of NLRP3. These curves enable to estimate an 
apparent Kd of the self-association. Both methods give approximately the same result, with 50% of self-
association reached at approx. 350 nanomolar (+/- 50 nanomolar). 
     
DISCUSSION:  
The prionoid properties of ASC have been recently identified and reveal a potential mechanism of 
inflammasome activation. Our data characterises the oligomerisation of NLRP3 and reveals a novel mechanism 
for ASC aggregation. Here, we propose a timeline of the molecular events driving ASC polymerisation (Figure 
9). 
 
NLRP3 inflammasomes have been depicted as “wheels” in the literature (41-43), analogous with the assembly of 
APAF-1 proteins into the well-characterised apoptosome (44). Our data supports this hypothesis, with evidence 
that NLRP3 forms a hexameric oligomer in the cell free system (Figures 7 and 8). NLRP3 is known to 
oligomerise prior to its interaction with ASC (45), and the presence of ATP in the cell-free system may enable it 
to oligomerise  via the walker motifs in its nucleotide-binding and oligomerisation domain. Critically, we 
address the recruitment of ASC to the inflammasome and provide a new mechanism for nucleation and 
polymerisation of ASC into filaments by characterizing the full-length protein rather than its PYD or CARD 
domain. We show that ASC
FL
 can spontaneously self-associate above a critical concentration and undergoes a 
large conformational change during polymerisation. The finding that the “polymerised” conformation was not 
triggered by NLRP3 (Figure 6) suggests that hexameric NLRP3 will trigger ASC polymerisation by simply 
increasing the local concentration of ASC to potentiate the probability of ASC-ASC contacts. Under this model, 
ASC would spontaneously polymerise when its local concentration reaches super-critical levels. We measured 
this supercritical concentration at approx. 450 nM, and in the presence of seeds, polymerisation occurs at much 
lower concentrations, from approx. 50 nM (Figure 4). This wide metastable zone may act as a safeguard for 
speck formation in non-stimulated cells, yet fits well with an oligomer-driven triggering mechanism. This 
hypothesis is further supported by previous reports that NLRP3 needs to be able to oligomerise to trigger ASC 
polymerisation (45). Physiologically, full length ASC forms speck-like aggregates in inflammasome-signalling 
cells, but aggregates can also be detected in ASC-overexpressing cells (12). In fact, overexpression of the 
individual ASC PYD or CARD domains is sufficient to drive self-assembly into filaments (46). 
 
The ability of both PYD and CARD domains to form filaments separately has led to the hypothesis that the 
formation of 3D “specks” instead of linear filaments is due to the separate nucleation of PYD and CARD 
filaments that are densely cross-linked. While the current models are based on a PYD-only driven 
polymerisation, it would be surprising if CARD-CARD interactions were not involved in the packing of the 
fibril. Our single molecule FRET data suggest that upon polymerisation, the CARD domains do not stay far from 
the fibril core but repack tightly. The flexible linker between PYD and CARD domain allows for a large 
conformational change. In our model, both PYD and CARD domains play a role in the formation of the ASC 
filaments. Within the same fibril, we expect PYD-PYD and CARD-CARD contacts to stabilize the assembly, 
but also a novel PYD-CARD interface. The creation of novel interfaces supports the idea of prion-like 
recruitment and “conversion” of monomers: the folded ASC exposed at the tip of the fibril would recruit new 
ASC and incorporate them by triggering folding of the CARD onto the PYD domain.  
 
While structural data are necessary to demonstrate the exact packing and whether a rotation of the PYD domain 
occurs upon polymerisation, our data highlight an apparent contradiction in the behaviour of ASC monomers. 
Despite their separation by a flexible linker (11), CARD and PYD domains within the same ASC monomer 
appear not to interact, as the compact conformation was not detected in the monomer FRET signature. The two 
domains seem to interact upon fibrillation. It is possible that the compaction of the protein upon binding to the 
fibril creates the conformational “switch” that can self-propagate. This idea of compaction is consistent with 
previous observations in cells. In particular, one study focused on the morphology of the ASC specks for 
multiple mutants (47). They concluded that “the ASC speck formation is based on at least two levels of 
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compaction: the first level is based on homophilic interactions between the PYD-PYD and CARD-CARD, 
followed by the second level of compaction”. Interestingly, several mutations in the PYD domains change the 
morphology of the ASC specks without blocking the polymerisation of PYD domains, suggesting interplay 
between PYD and CARD domains. Single-molecule FRET suggests large structural rearrangements, but cryo-
EM or other high-resolution techniques will be required to learn more about the folding processes occurring in 
full-length ASC. 
 
In conclusion, we showed here that single-molecule approaches are perfectly suited to track folding and 
aggregation processes in complex systems. Our data show that NLRP3 does not induce a conformational change 
of the ASC adaptor protein to trigger the polymerisation of monomeric ASC into filaments. Instead, we suggest 
that NLRP3 increases the local concentration of ASC above the supercritical threshold for self-assembly. The 
prionoid properties of ASC then facilitate the rapid recruitment of intracellular ASC to the inflammasome speck 
to create into a complex network of filaments which then condenses into the micron-sized signalling platform for 
caspase-1 recruitment and activation. Studying this pathway in a cell-free environment allowed us to elucidate 
the mechanisms of inflammasome assembly in an unbiased manner. Because of its key role as a signal amplifier, 
approaches to disrupt the self-assembly of ASC polymers may have wide therapeutic application in human 
inflammatory diseases. 
 
ABBREVIATIONS:  
 
ASC: Apoptosis-associated speck-like protein containing a CARD 
FRET: Förster resonance energy transfer 
GFP: Green Fluorescent Protein 
LTE: Leishmania tarentolae extracts 
NLR: Nucleotide-binding Oligomerisation Domain (NOD)-like receptor 
NLRP: NACHT, LRR and PYD domains-containing protein 
SD: standard deviation 
WT: wild-type  
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MATERIALS and METHODS 
 
Preparation of LTE 
Leishmania tarentolae cell-free lysate was produced as described by Johnston & Alexandrov. (21, 48, 49). 
Briefly, Leishmania tarentolae Parrot strain was obtained as LEXSY host P10 from Jena Bioscience GmbH, 
Jena, Germany and cultured in TBGG medium containing 0.2% v/v Penicillin/Streptomycin (Life 
Technologies) and 0.05% w/v Hemin (MP Biomedical). Cells were harvested by centrifugation at 2500 x g, 
washed twice by resuspension in 45mM HEPES, pH 7.6, containing 250mM Sucrose, 100mM Potassium 
Acetate and 3mM Magnesium Acetate and resuspended to 0.25g cells/g suspension. Cells were placed in a 
cell disruption vessel (Parr Instruments, USA) and incubated under 7000 KPa nitrogen for 45 minutes, then 
lysed by rapid release of pressure. The lysate was clarified by sequential centrifugation at 10 000 x g and 30 
000 x g and anti-splice leader DNA leader oligonucleotide was added to 10µM. The lysate was then desalted 
into 45mM HEPES, pH 7.6, containing, 100mM Potassium Acetate and 3mM Magnesium Acetate,  
supplemented with a coupled translation/transcription feeding solution and snap-frozen until required. 
 
Gateway plasmids for cell-free protein expression. 
The proteins were cloned into the following cell free expression Gateway destination vectors: N-terminal 
GFP tagged (pCellFree_G03), N-terminal mCherry tagged (pCellFree_G05), C-terminal, eGFP tagged 
(pCellFree_G04) or C-terminal mCherry-cMyc tagged (pCellFree_G08)(50). The Open Reading Frames 
carried using Gateway PCR cloning protocol  based on insert amplification with primers to attB1 and attB2 
sites (Forward primer: 5’GGGGACAAGTTTGTACAAAAAAGCAGGCTT (nnn)18-25 3’, Reverse primer: 
5’GGGGACCACTTTGTACAAGAAAGCTGGGTT (nnnn)18-25 3’)(51).  
 
In vitro Protein Expression  
All proteins were expressed using 20mM of DNA template in 10 µl to 20 µl of LTE lysate for 3h at 27
o
C 
unless stated otherwise. Samples were processed immediately for either fluorescence microscopy analysis, 
seeding experiments or AlphaScreen assay. 
 
Expression and Purification of ASC
FL 
for cysteine labelling 
Plasmids encoding ASC
2-173
 or ASC
35-173
 for cysteine labelling was transformed into BL21RIL (DE3) for 
protein expression. Cells were induced for 4h with 1mM IPTG at 37
o
C when OD reaches 0.6 and pelleted by 
centrifugation at 4K rpm for 15 min and frozen at -80
o
C. Pellet was thawed and resuspended in 5ml of 20 
mM Tris pH 8, 500 mM NaCl containing 20 µg/ml DNaseI and incubated for 10 min on ice before topping 
up to 50ml with 20 mM Tris pH 8, 500 mM NaCl, 1mM TCEP, 5 mM imidazole and 5 M guanidine 
hydrochloride. Cells were lysed by sonication and the soluble protein was separated by centrifugation at 18 
K rpm for 30 min. The supernatant was filtered through a 0.45 µm filter before loading onto a His Trap FF 
5ml column (GE Healthcare Life Sciences). ASC was purified under denaturing conditions by a two-step 
affinity chromatography with by washing and eluting at 20 mM. and 300 mM imidazole, respectively using 
AKTA Pure systems. The eluted solution was concentrated and buffer exchanged using 3 M guanidine 
hydrochloride, 5 mM TCEP at pH 4.   
 
Dual Labelling of protein 
For labelling the protein, purified His 6X-Sumo-ASC
2-173
 or His 6X-Sumo-ASC
35-173
 was first bound onto the 
Ni-NTA beads and washed in 6M guanidine hydrochloride, 50mM Tris, pH 7.2 at 4
o
C. It was first left to 
react with an equimolar ratio of the Alexa Fluor 488 maleimide (donor) for 5 mins before reacting with a 5-
fold excess concentration of the Alexa Fluor 584 maleimide (acceptor) for another 10 mins to yield a dual –
labelled protein. Excess dyes were removed by washing the beads 10X with ten bead volumes of 6M 
guanidine hydrochloride, 50mM Tris, pH 7.2. The dual labelled ASC
2-173
 or ASC
35-173
 was then eluted from 
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the beads after cleavage by His-tagged SUMO-protease and collected as eluate. Samples were concentrated, 
buffer exchanged using 6M guanidine hydrochloride, 50mM Tris, pH 7.2 and stored in the dark at 4
o
C. 
 
Single-molecule fluorescence spectroscopy 
Single molecule spectroscopy was performed as described previously (26, 34). Proteins were expressed in 
LTE and then diluted in buffer A (25 mM HEPES, 50 mM NaCl). A volume of 20 μL of each sample was 
placed into a custom-made 192-wells silicone plate with a 70 x 80 mm glass coverslip (ProSciTech). Plates 
were analyzed at room temperature on a Zeiss Axio Observer microscope with a custom-built data 
acquisition setup.  
We performed analysis in two different ranges of concentration. To study the interactions at the monomer 
level, the proteins were diluted to 10-100 picomolar concentrations.  This enables the individual detection of 
single proteins but the extreme dilution required by these measurements has a few disadvantages. Protein 
complexes can dissociate into monomers, or stick non-specifically to the surfaces of the measurement 
chambers. A typical single-molecule measurement samples a few hundreds of individual proteins within 10 
minutes, and rare oligomers or aggregates can be difficult to characterize. In order to gain a better picture of 
the oligomerisation and aggregation of the proteins, we acquired time-traces at higher concentrations, 
between 1 and 100 nanomolar (nM).  
 
Analysis of NLRP3 oligomerisation as a function of expression levels 
For intensity measurements, the N terminal eGFP-labelled NLRP3, N terminal trimeric foldon and eGFP 
proteins were expressed. A 488 nm laser beam was focused in the sample volume using a 40x / 1.2 NA water 
immersion objective (Zeiss). The fluorescence of eGFP was measured through a 525/20 nm band pass filter, 
and the number of photons collected in 1 ms time bins (I(t)) was recorded. The proteins were diluted 10 
times in buffer A.  
The fluorescent time-trace I(t) obtained shows the presence of intense bursts of fluorescence, with values 
well over the typical fluctuations of I(t). The presence of these bursts increases the standard deviation of the 
distribution. To compare the aggregation at different concentrations, we used the Brightness parameter which 
is the standard deviation normalized by the average signal. 
𝐵 =
𝑆𝐷2
𝑎𝑣𝑒𝑟𝑎𝑔𝑒
 
To obtain different final concentrations of the proteins, a serial dilution of the plasmid encoding NLRP3 was 
realized (Fig. S5). Starting from a 100nM stock, 16 steps of 1.25x dilutions were obtained. 1μL of the diluted 
DNA was used to prime 9 µL of LTE. Expression was carried out at 27°C for 3hours before the samples 
were diluted 11 times and submitted to oligomerisation analysis (45 sec time traces were acquired). 
 
Two-colour coincidence measurements 
For coincidence experiments, eGFP-labelled and mCherry labelled proteins were either co-expressed or 
expressed separately and mixed immediately prior to making measurements. For seeding experiments: 
eGFP-tagged ASC
FL 
specks are expressed above supercritical concentration, spun at 1000rpm for 5 mins and 
washed twice with buffer A prior to sonication for 2mins in a water bath sonicator to generate the fragments. 
These “seeds” are then mixed in a sample expressing GFP-tagged ASCFL at sub-critical concentration. Two 
lasers (488 nm and 561 nm) were focused in solution using a 40x / 1.2 NA water immersion objective 
(Zeiss). Fluorescence was collected and separated using a 565nm dichroic mirror; signal from GFP (IG(t)) 
was passed through a 525/20 nm band pass filter, while fluorescence from Cherry (IC(t)) was filtered by a 
580 nm long pass filter. The fluorescence of the two channels was recorded simultaneously in 1 ms time 
bins. Recruitment of ASC monomers to the seeds is detected as coincidental diffusion of GFP and mCherry-
tagged proteins in large aggregates.  
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Definition of one event of oligomer: the start of a fluorescent peak when it is greater than the sum of 
fluorescence in the average GFP and Cherry channel to when it reaches the sum of the average fluorescence. 
For each event, the intensities of the GFP and Cherry bursts were corrected for background and leakage (6% 
leakage of the GFP intensity into the Cherry channel).  
 
Single molecule coincidence analysis 
The coincidence C was then measured as the corrected Cherry signal (IC), divided by the total intensity of the 
burst (C= IC/[IG+IC]). In the absence of Cherry fluorescence, C is close to zero, while in the absence of GFP, 
C tends towards 1. Events with 0.25<C<0.75 are considered coincident events. The number of events for 
each ratio C was counted and normalized to the total number of events to give a probability P(C). Histograms 
of single-molecule coincidence (P(C) as a function of C) were obtained by measuring >1,000 events per 
interaction, and fitted by Gaussian peaks for GFP-only, coincidence and Cherry-only contributions. The 
bound fraction was calculated as the proportion of coincidence (0.25<C<0.75) to total events.  
 
smFRET analysis 
The FRET efficiency (EFRET) histograms were generated using a two-channel data collection mode to record 
donor and acceptor signals as a function of time simultaneously, with a bining time of 500 µs. The dual 
labelled ASC (nM range) was added during expression of untagged ASC
FL
 for 2h at 27
o
C. Same volume of 
dual labelled ASC was incubated in the same volume of LTE lysate as a control. All samples were diluted 20 
fold in buffer A and analysed for FRET using only the 488 nm laser beam. Signal from the Alexa 488 and 
Alexa Fluor 584 was filtered by the filters described in earlier section. The background counts, leakage of 
donor emission into the acceptor channel (~6%) and the acceptor emission due to direct excitation (~2%) 
were used to correct the signals before FRET analysis. A threshold of 50 counts (sum of signals from the two 
channels) was used for ASC
2-173
 or ASC
35-173
 alone and a threshold of 100 counts for incorporation into the 
aggregates, were used to isolate the background noise from fluorescence signals.  
Values were calculated for each accepted event using EFRET = IC/[IG+IC]  and plotted in the form of a 
histogram. A peak at zero EFRET (zero peak) appears in all the histograms. It is due to molecules with 
photobleached, missing or non-fluorescent acceptor dye, with a tail extending into negative EFRET due to 
subtraction of a constant background from a very small acceptor signals. EFRET histograms were fitted with 
Gaussian functions, while fitting was done using nonlinear least square analysis. For monomeric ASC, all 
histograms presented contained 840 to 1300 events. For ASC reporters incorporated into fibrils, histograms 
contained more than 21000 individual time bins, representing 400 separate fibrils/ASC specks (the ASC 
reporters incorporated in fibrils reside much longer in the focal volume, in average 50 time “bins” of 1 ms). 
The FRET experiments have been conducted 3 times or more on different days.   
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FIGURES & FIGURE LEGENDS 
 
 
 
 
FIGURE 1 
 
 
 
 
 
 
Figure 1: Inflammasome assembly and polymerisation of the protein ASC. Schematic of the 
inflammasome assembly, where the protein ASC acts as an adaptor between the NLRP3 “sensor” and the 
pro-caspase-1.  
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FIGURE 2 
 
 
 
Figure 2: confocal detection of large assemblies and concentration-dependence of ASC 
polymerisation.  
 
(A) Schematics of a “pure” single-molecule experiment: the proteins are diluted (pM range) so that 
statistically, only one protein can enter the confocal volume at a time. (B) Fluorescence time trace 
obtained for a monomeric GFP in a ‘pure’ single molecule experiment. The background is caused by the 
noise of the detector and each peak corresponds to one GFP. (C) PCH analysis of the fluorescent time 
trace in B. The number of events is plotted as a function of the number of photons per events, in a semi-
log scale. The decrease can be approximated by a line. The intersection with the x-axis indicates the 
maximal number of photons per event. In the case of GFP, our system can detect a maximum of 100 
photons/ms. (D) Schematics of a ‘N&B’ experiment: the proteins are diluted in the high nM range and 
statistically, multiple proteins are present in the confocal volume at all times. (E)  Fluorescence time trace 
obtained for monomeric GFP in a ‘N&B’ experiment. The average of the fluorescence is due to the 
constant presence of multiple GFPs in the confocal volume and the fluctuations around that average are 
caused by the entry and exit of one additional molecule into the confocal volume. (F) Schematics of the 
‘N&B’ experiment in the case of an aggregating protein. Multiple monomeric proteins occupy the 
confocal volume as in D. A single aggregate entering the confocal volume corresponds to the entry of 
multiple fluorophores at the same time. (G) Fluorescence time trace obtained for ASC-GFP in a ‘N&B’ 
experiment. The background fluorescence is due to the presence of multiple monomeric ASC-GFP in the 
confocal volume. The presence of a “speck” in the confocal volume creates a large increase in the number 
of photons detected and corresponds to a fluorescent peak on the time trace. (H) PCH analysis of the 
fluorescent times traces in E and G. The number of events is plotted as a function of the number of 
photons per events. The PCH for monomeric GFP (blue curve) can be approximated by a Gaussian 
distribution, with the mean intensity correlating with the concentration of the protein. In the case of ASC-
GFP (red curve), the PCH can be deconstructed into a Gaussian distribution (monomeric contribution) 
and a ‘tail’ due to the presence of specks. The length of the tail indicates the maximum stoichiometry of 
the specks. 
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FIGURE 3 
 
 
 
 
Figure 3: confocal detection of large assemblies and concentration-dependence of ASC 
polymerisation.  
 
(A) Typical fluorescence time trace obtained for ASC-mCherry in a ‘N&B’ experiment. The existence of 
specks or aggregates in the solution is detected by the presence of bright fluorescence peaks. Note that the 
peaks can be detected for more than 10 sec, suggesting the presence of micron-size objects. (B) Average 
intensity (open circles) and percentage of intensity above threshold (black squares) as a function of the 
concentration of DNA template. As more DNA is used to prime the cell-free expression system, more 
protein is expressed and the average fluorescence intensity increases until 9 nM of DNA is used. When 
higher concentrations of DNA are used, the average fluorescent intensity slightly decreases. To measure 
the fraction of protein integrated in the specks, the percentage of intensity above threshold compared to 
the total intensity was calculated as described in the experimental section. The threshold is set at average 
+ 3.SD where SD is the standard deviation. Above 9 nM of template DNA, a large proportion (up to 35-
40%) is incorporated into the specks, explaining the apparent decrease in the overall concentration, 
suggested by the decrease in average fluorescence intensity. (C) Brightness parameter (B) as a function of 
the concentration of DNA template for a monomeric protein (GFP-mCherry, open diamonds) and ASC-
mCherry (black diamonds). As expected, the B value for the monomeric protein is low (<10) and largely 
independent from the concentration of template DNA used. In contrast, the B parameter for ASC 
dramatically changes as more DNA is used, changing from B<10 at low DNA concentration to very high 
B (>1000) at higher DNA concentration. This again suggests that ASC is mainly monomeric at low 
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concentrations and creates large aggregates when expressed with >9 nM DNA. (F) Brightness parameter 
(B) as a function of the average fluorescence intensity for a monomeric protein (GFP-mCherry, open 
diamonds) and ASC-mCherry (black diamonds). Similarly to C, B is unchanged for the monomeric 
protein as a function of the average intensity (and therefore as a function of the average protein 
concentration). In the case of ASC, GFP, two behaviours are seen, with ASC behaving as a monomeric 
protein in one case or as a highly aggregated protein in the other, irrespective of the average fluorescence 
intensity. The dotted arrow path corresponds to the increase in DNA template concentration and 
highlights the sharp transition between behaviours. 
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FIGURE 4 
 
 
 
Figure 4: Two-colour seeding experiments show metastability and prion-like properties of ASC
FL
 
(A) Schematic of the two-colour coincidence experiment. Two lasers (one exciting GFP and the other 
Cherry) create a confocal volume that can detect the presence of both fluorophores simultaneously, in a 
‘N&B’ experiment. (B) Schematics of the seeding experiments. ASC is first expressed as a mCherry-
tagged version above supercritical concentration to create specks. The ASC specks are gently spun and 
washed, then sonicated to increase the number of fragments. These “seeds” are then added to a sample of 
GFP-tagged ASC expressed at sub-critical concentration. (C) Fluorescence time-trace showing the 
recruitment of ASC monomers to the fibrils, as detected by coincidental diffusion of GFP and mCherry-
tagged proteins in large aggregates. (D) Detail of a coincident burst of fluorescence, showing non-
synchronous diffusion and increase of the GFP fluorescence compared to mCherry, suggesting elongation 
of the fibrils rather than coating. (E) Fluorescence time traces, in the GFP channel) of the same sample 
before (black trace, ‘unseeded’) and after (red trace, ‘seeded’) addition of the ASC seeds. At 50 nM 
concentration (average intensity = 600 photons/ms), ASC-GFP is perfectly monomeric but addition of 
ASC-Cherry seeds leads to the creation of ASC-GFP aggregates, showing that polymerisation of ASC is 
self-templated. (F) Brightness value for GFP as a function of the protein concentration, before (black 
diamonds) and after (red diamonds) addition of the ASC-mCherry seeds. Addition of the seeds triggers 
polymerisation of ASC-GFP at very low concentration of proteins (around 50 nM), up to 10 times lower 
than the spontaneous aggregation threshold.  
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FIGURE 5 
 
 
Figure 5: Incorporating a FRET reporter into the fibrils allows to measure conformational 
changes. Top-Schematic of the experiment to incorporate FRET reporters into the ASC fibrils. 
Unlabelled ASC
 
is expressed in the presence of very low concentration of labelled ASC
2-173
 FRET 
reporters. The FRET reporters are incorporated at very low yield within the fibrils during polymerisation, 
eventually leading to fully-formed specks containing as little as one labelled FRET reporter per speck. 
Middle-Representative single molecule FRET time trace of the experiment. The donor dye (Alexa 488) is 
excited by a 488nM laser and fluorescence is detected in two channels corresponding to the emission of 
the donor (Alexa 488) and acceptor (Alexa 594) dyes. Each peak corresponds to a single FRET reporter. 
The sharp peaks are due to freely diffusing molecules while the large diffuse peaks indicate that the dye is 
incorporated into a slow diffusing object. Note that the maximal intensity of fluorescence in the diffuse 
peaks is not higher than in the sharp peaks indicating that only one reporter is present. Bottom- Zoom in 
of different parts of the above time trace showing a high FRET in two diffuse peaks (1 and 3) or absence 
of FRET in the sharp peaks (2).   
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FIGURE 6 
 
 
 
 
Figure 6: The FRET profiles is different upon incorporation of the reporters into the fibrils 
compared to binding to NLRP3. 
 
Histograms of FRET efficiency. In each case, the fraction of events is plotted as a function of the FRET 
ratio. FRET events centred around E=0 correspond to donor fluorescence only while events with E> 0.2 
indicate that energy transfer occurred. The EFRET ratio increases as the distance between the donor and 
acceptor dyes decreases. In all cases, more than 500 events were analysed over multiple days. (A) 
Histogram for the FRET reporter 2-173 in buffer. The low EFRET value indicates that the two sites are far 
apart. (B) Histogram for the FRET reporter 2-173 incorporated into the fibrils of untagged ASC. EFRET 
was calculated on the diffuse peaks as shown in Figure 6. EFRET value indicates that the two sites less than 
35Å away. (C) Histogram for the FRET reporter 2-173 in the presence of NLRP3. The low EFRET value 
indicates that the two sites are more than 35 Å away. (D) Histogram for the FRET reporter 35-173 in 
buffer. EFRET value shows that the two sites are close to each other. (E) Histogram for the FRET reporter 
35-173 incorporated into the fibrils of untagged ASC. EFRET was calculated on the diffuse peaks as shown 
in Figure 6. EFRET value indicates that the two sites are less than 35Å away. (F) Histogram for the FRET 
reporter 35-173 in the presence of NLRP3. The low EFRET value indicates that the two sites are more than 
35 Å away.  
 
  
 
 
 
 
 
 
 
 
 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
21 
 
FIGURE 7 
 
 
 
Figure 7: Oligomerisation status of NLRP3 proteins using single molecule counting. 
(A) Fluorescence time-trace obtained for monomeric GFP diluted to single-molecule concentration (50 
picomolar). (B) Fluorescence time-trace obtained for trimeric GFP, also diluted to single-molecule 
concentration. The maximal burst size is three times more intense than the bursts observed for monomeric 
GFP. (C) Fluorescence time-trace obtained for NLRP3, showing bursts that are two-fold more intense 
than the trimeric GFP, and 6-fold more intense than monomeric GFP. (D) PCH analysis of the time traces 
in A-C. As in Figure 2, the intersection between the distribution and the x-axis indicates the maximum 
number of photons for each object. In the case of monomweric GFP (blue curve), the maximal number of 
photons is 125 per ms. The GFP-foldon (green curve) produces a maximum of 370 photons per ms, 
indicating the formation of a trimer. In the case of NLRP3 (black curve), a maximum of 750 photons per 
ms and can therefore form hexamers. 
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FIGURE 8 
 
Figure 8: Oligomerisation status of NLRP3 proteins and determination of self-affinity using ‘N&B’ 
experiments. 
(A) PCH analysis of fluorescence time traces obtained for monomeric GFP, GFP-foldon and GFP-NLRP3. 
The histograms show the number of events as a function of the number of photons per events.  All 
measurements were performed at the same averge fluorescence intensity.  As in Figure 2, the 
monomeric GFP distribution (blue curve) corresponds to a Gaussian distribution. The distribution for 
GFP- NLRP3 (black curve) shows the presence of bursts in average 6-fold brighter than GFP (blue curve), 
and 2-fold brighter than GFP trimers (green curve). (B) PCH analysis of fluorescence time traces obtained 
for GFP-NLRP3 expressed with different concentrations of DNA templates. As before, titrating the DNA 
template allows to vary the final level of expression of the proteins. The samples were then diluted to 
10nM concentration so that the average fluorescence intensity of all samples is normalized. The 
distributions of intensities overlap for all samples, enabling simple visualization of the oligomerisation 
status as a function of expression levels. (C). Quantification of oligomer size as a function of expression 
levels to measure self-affinity. The oligomerisation was evaluated by two methods. The number of 
events above threshold (approx.1,250 photons, see panel A) was calculated and plotted as a function 
o0f concentration (grey circles). The increase in standard deviation for different fluorescence  time 
traces was also plotted (grey diamonds). The measurements were done without equalizing the samples 
to the same concentration, in case the dilution could affect oligomerisation status. The two methods 
lead to very similar results, with 50% of the NLRP3 forming hexamers at approx. 350 nM. (D) Schematic 
of the hexameric assembly of the NLRP3 and hypothetic position of the LRR, NACHT and PYD domains in 
the inflammasome.   
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 FIGURE 9 
 
 
 
Figure 9: Schematic summarizing the molecular events leading to the activation of caspase-1 
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Highlights 
-single molecule methods were used to measure NRLP3 oligomerisation 
-single molecule FRET reveals large conformational changes upon ASC polymerisation 
- our data suggests a new model for the assembly of the inflammasome “supercomplex” 
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